A B S T R A C T A quantitative primate model of arterial thromboembolism has been characterized with respect to mechanism and usefulness in evaluating modifying variables. The model involved the kinetic measurements of 51Cr-platelets and 125I-fibrinogen consumption by femoral arteriovenous cannulae in chaired baboons.
A B S T R A C T A quantitative primate model of arterial thromboembolism has been characterized with respect to mechanism and usefulness in evaluating modifying variables. The model involved the kinetic measurements of 51Cr-platelets and 125I-fibrinogen consumption by femoral arteriovenous cannulae in chaired baboons.
Cannula platelet consumption correlated directly with exposed cannular area for irradiated Silastic and polyurethane (correlation coefficients of 0.940 and 0.901, respectively; P <0.001) and remained steady state for months. Nonirradiated Silastic was only minimally reactive with platelets. Despite increased rates ofplatelet consumption circulating fibrinogen was not measurably destroyed by any of the cannulae tested. Cannula platelet consumption was independent of cannula flow rate, platelet count, heparin anticoagulation, and ancrod defibrinogenation.
"'In-platelet imaging of irradiated Silastic cannulae demonstrated luminal accumulation and subsequent embolization of irregular platelet masses. When irradiated Silastic cannulae were inserted as extension segments in the renal arteries of four animals the glomerular vessels became progressively occluded with nonfibrin-containing platelet thromboemboli. Nonirradiated Silastic cannulae in control arteries produced no significant vascular occlusion. Because the survival of platelets from animals with consumptive cannulae was not shortened in normal recipient animals we concluded that platelets were either irreversibly removed through thromboembolic consumption or unaffected in their viability.
Oral administration of dipyridamole and sulfinpyrazone decreased cannula platelet consumption in a dosedependent manner with complete interruption at 20 and 250 ,umol/kg body wt per d (in three divided doses), respectively, whereas oral acetylsalicylic acid INTRODUCTION Exposure of nonendothelialized surfaces to circulating blood initiates platelet and coagulation reactions that result in thrombosis (1) (2) (3) (4) (5) (6) (7) . Initially, this process involves platelet adhesion, release of constituents, and aggregation to form an enlarging platelet mass (6) (7) (8) (9) (10) . Arterial high shear conditions promote the formation of thrombus that is composed largely of platelets, whereas low shear venous flow conditions generate thrombin and fibrin with entrapment of erythrocytes (8) (9) (10) . Arterial blood flow also disrupts the accumulating platelet mass into fragments that may disaggregate or form platelet emboli (11) (12) (13) (14) . Because thrombosis represents a localized accumulation of hemostatic material, the nature of the process and rate of thrombus formation may be assessed kinetically in vivo by measuring the relative consumption of platelets and fibrinogen in its genesis (15) (16) (17) . In this report we present the development of a baboon model of arterial thrombosis and thromboembolism that is quantitative, steady state, and reproducible such that the effects of modifying variables and therapies can be measured.
leukocyte counts of 5,000±1,200/pu, and platelet counts of 275,000+59,000/pj. They were free of tuberculosis, dewormed, and observed to be disease free for at least 6 wk before use. To facilitate repeated blood sampling permanent A-V cannulae were surgically placed in the femoral vessels and the animals were maintained in restraining chairs during the period of study (18 (Table I) .
Silastic tubing was rendered thrombogenic by a 10-15 x 106 rad dose of low voltage x-ray exposure over a 10-day period with an extracorporeal blood irradiation device that was developed for the experimental treatment of patients with refractory leukemia (19) . In addition tubular polyurethane, 4.0 mm i. d. (Biomer, Ethicon, Inc., Somerville, N. J.), was also evaluated in the shunt system. Cannula blood flow rate was measured noninvasively with a Doppler ultrasonic flowmeter (model 1503, Ward Associates, San Diego, Calif.) using whole blood for calibration. The instrument was equipped with an external "bobby pin" type transducer probe that fitted snugly around the Silastic tubing. In those cases where flow rate was measured, an average of three flow measurements were made per survival study. Measurements were reproducible to within about 10%, and were averaged.
Laboratory studies. Platelet counts were measured with an electronic particle counter on peripheral blood collected in 4 mg/ml EDTA. Three to five platelet counts were performed for each study. The platelet count of 93 normal baboons was 279,000/,u1±55,000. Platelet survival was determined by measurement of the disappearance of radioactivity from blood sampled 8-10 times after injection of autologous 5'Cr-labeled platelets (20) . The initial sample was drawn 1 h after the infusion of labeled platelets. In selected studies platelets were labeled with ["l'Inloxine (Diagnostic Isotope Laboratories, Bloomfield, N. J.) in Ringer's citrate dextrose plasma-free medium using about 1 mCi per animal. The cannulae were imaged serially (21, 22 (23, 24) . The proportion of labeled platelets remaining within the systemic circulation after infusion (i.e., "recovery") was calculated from the platelet activity per milliliter, extrapolated to zero time, multiplied by the estimated blood volume, and divided by the platelet 51Cr activity injected. Platelet turnover per microliter of blood per day, was calculated from the peripheral platelet count divided by the platelet survival time in days and corrected for recovery. Platelet recovery averaged 85±5% and platelet turnover was 59,000±7,000 platelets/,ll per d in 35 normal male baboons. Overall platelet turnover in the animals was calculated by multiplying platelet turnover per milliliter by the estimated blood volume (70 ml/kg body wt). In view of the steady-state requirement for the system of analysis we excluded studies in which the cannula became occluded during the period of observation.
In baboons with prosthetic A-V cannulae overall rates of platelet utilization may in general be mediated by: (a) the rate of platelet adhesion and incorporation into thrombi at the blood-material interface; (b) the rate of platelet incorporation into thrombi at sites distant from the bloodmaterial interface; (c) the extent of reduction in residual lifespan of platelets that may continue to circulate; and (d) the rate of senescent platelet removal through ordinary physiologic mechanisms. Because the relative contribution of each process of platelet elimination may depend significantly on the test situation, a mathematical model was used to allow separate estimation of the rate of senescent platelet removal, and the rate of overall platelet utilization induced directly or indirectly by the prosthetic cannula. Thereby the relationships between system variables and the rate of cannula-associated platelet consumption could be more readily assessed. This analysis used a "linear-exponential" model of platelet disappearance (25) and is expressed mathematically by:
where r is the platelet survival time and k is a rate constant. The derivation and justification of this model is described in the Appendix.
For calculating fibrinogen turnover, the concentration of fibrinogen was estimated spectrophotometrically as thrombinclottable protein after collection on a glass rod and subsequent solution in alkaline urea (26) . The fibrinogen concentration was 2.70±0.41 mg/ml in 63 normal baboons. Labeling of normal fibrinogen (prepared by ammonium precipitation technique) with 1251 from normal donor animals was performed by the monoiodochloride method (27) . Fibrinogen survival, derived from the least squares, computer determined half-time disappearance, and divided by the natural logarithm of 2, averaged 2.6±0. Selected A-V cannulae were evaluated serially by scanning electron microscopy after variable exposure times to circulating blood. Specimens were perfused in situ with Hepes albumin buffer (4.6% wt/vol glucose; 20 mM Hepes, pH 7.4; 4 g/100 ml bovine albumin) to remove free blood elements, followed by Karnovsky's fixative for 20 min.
In four animals irradiated and nonirradiated Silastic cannulae were placed as 50-cm extension segments in the right and left renal arteries, respectively. Blood flow and renal histology were studied. When blood flow through the renal artery fell to <50 ml/min, both kidneys were cleared of blood with Hepes albumin buffer for 30 s using in situ pressure perfusion followed by in vivo perfusion-fixation with halfstrength Karnovsky's fixative under 100 cm of hydrostatic pressure for 20 min (28). Samples were obtained from the proximal, central, and distal segments of the tubing and the kidneys were sampled at 20 random cortical sites. Tissue and cannular specimens for morphological study were subsequently placed in half-strength Karnovsky's solution for 4 h at 4°C and prepared for scanning or transmission electron microscopy. Material for transmission electron microscopy was postfixed with osmium tetroxide, embedded in Epon (Shell Chemical Co., Houston, Tex.), and cut. Initially, 1-,um-thick sections were mounted and stained with a polychromatic dye consisting of azure II-methylene, blue-basic fuchsin for light microscopic examination (29) . They were subsequently prepared for transmission electron microscopy examination.
Heparin (Panheparin) and ancrod (Arvin) were obtained from Abbot Diagnostics, Diagnostic Products, Chicago, Ill.
Drugs mixed with apple sauce were administered orally to baboons bearing 47-cm2 irradiated Silastic cannulae in three divided doses in amounts shown in Table V, beginning 3 d before platelet survival studies were begun and throughout the week of blood sampling. Dipyridamole was a gift from Boehringer-Ingelheim (Elmsford, New York) and sulfinpyrazone was a gift from CIBA-Geigy Corp., Pharmaceuticals Div., (Summit, N. J.).
RESULTS

Characteristics of the cannula model
Effect of permanent shunt. In 35 normal baboons the mean platelet survival time was 5.51±0.21 d (Table I ). In 18 control animals with permanent Silastic shunts, platelet survival was not different (5.44±0.32; P > 0.75). On the average, this latter group of animals had undergone between one and two previous vessel cannulation procedures. Because the short permanent Silastic A-V shunt connecting the femoral vessels did not induce measureable platelet consumption, and the surgical variables were of little consequence in the model, test segments of tubing were subsequently connected between the two portions of the permanent Silastic shunt and measurements of cannula platelet consumption were attributed to the exposed luminal surface area of the test segment only.
When irradiated platelet consumptive Silastic shunts spontaneously thrombosed in another 12 animals platelet survival normalized (5.47±0.44; P > 0.75), cannula platelet consumption fell to zero and fibrinogen survival remained normal (2.66±0.14; P > 0.5).
Effect of cannula composition and surface area.
Untreated Silastic was studied as extension segments of 66-and 132-cm2 total luminal surface area in six animals each. Minimal changes in platelet survival times and cannula platelet consumption were observed because of the low reactivity of platelets for this material (Table I , Fig. 1 ).
In contrast, platelet survival was progressively shortened as the exposed area of irradiated Silastic or polyurethane was increased, but the relationship between platelet survival time and exposed surface area was nonlinear (Fig. 1) . Theoretically the platelet survival time will approach zero asymptotically as the surface area becomes very large.
Calculations of cannula platelet consumption, however, correlated directly with exposed cannular area for both irradiated Silastic and polyurethane (Fig. 1 ). The quality of the correlations between shunt consumption and exposed surface area was determined from least-squares linear regression analysis and correlation coefficients for irradiated Silastic and polyurethane shunts were 0.940 and 0.901, respectively; P<0.001.
Effect of time. Platelet survival measurements and the rates of cannula platelet consumption remained essentially constant for 8 wk when serial measurements were carried out in animals with irradiated Silastic cannulae of area 47 cm2 (Table II) . These observations demonstrated the constancy of platelet (Table III) . Fibrinogen kinetics were also carried out in nine selected shunt-bearing animals showing a range of cannula consumption rates varying from near 0 to 21.2 platelets/d x 10"0. No significant change in fibrinogen survival or turnover was found among these animals (P > 0.50).
Moreover, heparin anticoagulation had no effect on either platelet or fibrinogen survival or turnover in seven animals bearing irradiated Silastic cannulae (Table III) . These animals were given a bolus injection of 3,000 National In §titutes of Health (NIH) U of heparin followed by continuous infusions of 35 U of heparin/kg body wt per h. This regimen uniformly increased the baboon whole blood clotting time from 5 to >20 min for the entire course of the study. In seven baboons, platelet consumption was 9.55±0.8 x 1010 platelets/d before heparinization and 9.09±1.0 x 101' platelets/d after heparinization (P > 0.50).
In four additional studies, shunted animals were anticoagulated by enzymatic destruction of fibrinogen using ancrod (100 U initial bolus followed by 50 U twice daily throughout the study). Ancrod depletion of circulating fibrinogen (fibrinogen concentrations were <0.10 mg/ml) had no effect on platelet kinetics or cannula platelet consumption (10.3±1.2 x 1010 platelets/d, P > 0.50; Table III) .
Effect of blood flow rate. Shunt blood flow was measured noninvasively with a Doppler ultrasonic flowmeter in 21 animals with irradiated Silastic cannula of 47-cm2 luminal surface and averaged 139±85 ml/min with a range of40-220 ml/min. In nine additional selected studies with other consumptive cannulae, no correlation was found between cannula blood flow rate and the rate of platelet consumption (correlation coefficient 0.084).
Effect of platelet count. Whereas the platelet Mechanism of cannula platelet consumption "'In-platelets accumulated actively within segments of irradiated Silastic in a multifocal, irregular, and changing pattern (Fig. 2) , whereas comparatively little radioactivity was present in the segments of untreated Silastic. Direct visualization by scanning electron microscopy of the luminal surface of consumptive irradiated Silastic shunts verified the nonuniform accumulation of platelet material on the cannula with occasional leukocytes and adherent erythrocytes. Because "white" emboli were also occasionally observed macroscopically in operational shunts, the nonuniform and changing pattern of thrombus on the luminal surface appeared to represent regional loss of thrombus through embolization.
The nature of the microembolic material was examined in four baboons in which control and irradiated cannulae were interposed as segments in the renal arteries such that the renal microcirculation was used as a biological filter for embolic material. In these experiments irradiated or untreated Silastic cannulae were placed as extension segments in the right and left renal arteries, respectively, to serve as test and control shunts in the same experimental animal. Doppler transducer flow probes (Ward Associates) were attached to each shunt. Whereas renal blood flow did not change in the control vessel over the period of study, the irradiated Silastic cannula produced a progressive fall in renal artery blood flow from 220 to <50 ml/min within 3 h (Fig. 3) . When the kidneys were examined morphologically the small glomerular vessels were found to be occluded by platelet thromboemboli (Fig. 4) . Sections from control kidneys demonstrated the micro-circulation to be patent and essentially free of platelet thromboemboli. The irreversibility of the platelet thromboembolic process was examined by a platelet cross-transfusion study involving five pairs of normal animals and animals bearing irradiated Silastic cannula (Fig. 5) . None of these animals had been previously transfused. The base-line 5'Cr-platelet survival and recovery measurements were 5.6±0.3 d and 83±6% compared with 2.3±0.3 d and 86±7% in the normal and shunted animals, respectively. During the subsequent week 51Cr-platelets from the shunt-bearing animals were injected into the normal recipients, whereas the 51Cr-platelets from the normal animals were injected into the cannula-bearing recipients for each of the five pairs. Despite repeated previous recirculation of platelets in the shunt bearing animals these platelets survived 5 
Effect of drugs that modify platelet behavior
The oral administration of dipyridamole decreased cannula platelet consumption in a dose-dependent manner (Table IV, (Table IV , Fig. 6 ), but 250 ,umol of sulfinpyrazone/kg body wt per d (in three divided doses) was required to prevent measurable cannula platelet consumption. Oral acetylsalicylic acid (ASA) did not affect cannula platelet consumption significantly at doses of ,umol/kg body wt per d.
DISCUSSION
Animal models of arterial thrombosis and embolization have had limited usefulness because the assessment of vascular occlusion has usually involved the use of experimental animals of questionable relevance to man with observations at a single point in time after an initiating vascular insult (30) (31) (32) . Some of the uncontrolled variables that compromise the quantitative aspects of such approaches include the type and extent of the initial vascular injury, loss of thrombus by embolization, loss of thrombus by thrombolysis, hemodynamic characteristics of the model, and the timing and type of observations at sacrifice. To quantify continuously the overall rate of thrombus formation in vivo in a manner that is free of such variables, we used a primate model of A-V cannula thrombosis. The choice of the baboon for these studies was based on the baboon's hemostatic similarity to man, together with its size, logistical ease offrequent blood sampling, and its long-term acceptance of chronically patent A-V cannulae (18) (19) (20) (33) (34) (35) . Although it is difficult to establish equivalent thrombogenicity among man and other species, available evidence suggests that the baboon is a good animal for simulating arterial thrombotic processes in man. We have studied the hemostatic mechanism in the baboon and found it to resemble closely that of man in a number of respects, including concentrations of coagulation factors and plasminogen, bleeding time, platelet count, platelet volume, platelet morphology, platelet aggregation and release in vitro, and plasma levels of platelet factor 4, beta thromboglobulin, and fibrinopeptide A using human radioimmune assays (18, 20, 36, 37 , and unpublished observations). In the present model arterial thrombogenesis is a process of selective platelet utilization that is quantified by calculating rates of cannula platelet con- sumption. The formation of platelet thrombus in this model does not measureably involve circulating fibrinogen and is unaffected by anticoagulation. This conclusion is based on the findings ofnormal fibrinogen survival times over widely varying rates of thrombotic cannula platelet consumption, and the ineffectiveness of anticoagulation by either heparin or defibrinogenation with ancrod to change cannula platelet consumption.
The baboon arteriovenous shunt model has several advantages over other in vivo test systems in common use today (31) . Measurements of cannula platelet consumption in our studies are directly related to the area of exposed thrombogenic surface and are independent of normal variations in hematologic and hemodynamic variables. The determination of platelet survival curves allows essentially continuous measurement of the overall rate of thrombus formation, rather than a single determination of the local mass of thrombus present at a fixed point in time. The measurement of platelet consumption is quantitative and reproducible between different test animals, indicating that the rate of loss ofadherent thrombus by thrombolysis and thromboembolism is not a significant variable between experiments. Also, because platelet survival is normal in baboons with permanent, short, Silastic arteriovenous shunts, the results of these studies are not compromised by possible surgical variables. Finally, this test system permits multiple and economic reuse of test animals that need not be sacrificed in the experiment.
There are several important considerations relating to the system of analysis used in these studies. First, platelet survival times were determined by least squares computer fitting to a gamma function that was independent of linear or exponential curve fitting bias and assumed only steady-state rates of platelet production and destruction, an assumption justified by the constancy of serial platelet counting (23) (24) (25) (26) 38) . Second, calculations of cannula platelet consumption involved the assumption that all platelets have a fixed life-span in control animals. This assumption also appeared to be valid based upon the linear disappearance pattern of mixed-population 5'Cr-platelets in control baboons (18, 20, 36, 37 , and unpublished observations) and the finite life-span pattern with cohort labeling (38, 39) . Finally, this method of analysis involves the assumption that platelet interactions with prosthetic cannulae either fail to affect viability or cause complete thrombotic removal. This assumption was justified by the results of crosstransfusion experiments (Fig. 5) and serial survival studies (Table II) , which demonstrated that platelets taken from baboons with and without A-V cannulae:
(a) survive normally in unshunted baboons, and (b) are consumed at identical rates in shunted animals. Thus, the cannula does not alter the residual survival time of platelets which continue to circulate. Additional evidence is provided by the observation that when cannulae spontaneously thrombose or are removed during the course of a study, the mean lifespan of the remaining labeled platelets immediately normalizes (see Results).
When the data are analyzed according to the model presented here, the thrombogenicity of surfaces is characterized by the rate of platelet consumption per unit area (platelet reactivity index of Table I ). For untreated Silastic, irradiated Silastic, and polyurethane shunts, this determination is strongly dependent on material type, yet is independent of variations in shunt length, platelet count and blood flow rate over fairly wide ranges of these variables. These data are consistent with the hypothesis that the rate of platelet arrival at the prosthetic surface by convective and diffusive mechanisms exceeds the rate at which platelets can be utilized by the surface. Mass transport effects are certainly not limiting. This model is, therefore, well suited for evaluating the thrombogenicity of prosthetic materials under arterial flow conditions. In the present model, platelet thromboemboli form and embolize continuously from the thrombogenic luminal surface ofthe cannulae and the thromboembolic material is removed from circulation. Interestingly, the genesis of platelet thromboemboli does not involve detectable fibrin formation, as evidenced by the lack of fibrinogen utilization, inability of anticoagulation to modify the rate of thrombogenesis (Table III) , and the morphological absence of fibrin in the occlusive renal emboli (Fig. 4) . Although these observations do not exclude a fibrin-dependent mechanism underlying thrombus formation, an alternate mechanism for the formation of irreversible platelet masses must be considered. The results of the cross transfusion experiments indicate that thrombotic platelet consumption in this model is an all-or-none phenomenon rather than a process of cumulative platelet injury that progressively compromises viability (Fig. 5) .
The three drugs dipyridamole, sulfinpyrazone, and ASA studied in the platelet thrombotic model have been shown to have clinical usefulness that has been attributed to their modifying effects on platelet behavior. Although ASA acts pharmacologically as a potent noncompetitive inhibitor of platelet cyclooxygenase through permanent acetylation (40) , its lack of effect on platelet thrombus formation in the present model is apparently because of its inability to modify platelet adhesion and prevent degranulation of adherent platelets (41) . Dipyridamole increases platelet cyclic AMP levels by inhibiting platelet phosphodiesterase, and thus appears to have increased efficacy in vivo through synergy with prostacyclin (PGI2), which increases platelet cyclic AMP by stimulating platelet adenylcyclase (42) . Because high 566 doses of ASA inhibit prostacyclin production (42, 43) , the combination of ASA and dipyridamole requires an evaluation of optimal dose combination (42, 44) for which the present animal model is well suited. Available in vitro evidence shows that sulfinpyrazone is a modestly potent inhibitor of platelet adhesion and platelet release (45) . In the present thrombosis model (Table IV) this agent interrupts platelet thromboembolism at relatively higher doses by some mechanism unrelated to alterations in prostaglandin metabolism because ASA, a potent inhibitor of this system, has no measureable effect on cannula platelet consumption. Sulfinpyrazone's protective action on endothelium is an important additional effect in models that involve injury to the endothelium, such as homocysteinemia. The measurements of platelet and fibrinogen survival and turnover in patients with arterial thrombosis and thromboembolism have similarly shown selective platelet consumption that is interruptible with dipyridamole and sulfinpyrazone. Those groups of patients with documented shortening in platelet survival time and normal fibrinogen kinetics include ongoing arterial thromboembolism, cerebral vascular disease and transient ischemic attacks, artificial heart valves, prosthetic arterial grafts, diabetes mellitus, renal vascular disease, coronary artery disease, and homocystinuria (16-18, 38, 46-48) .3 In patients with artificial heart valves, the frequency of clinical emboli correlates directly with the exposed surface area of the prosthetic valves, and the capacity of dipyridamole to interrupt thrombotic consumption of 51Cr-platelets predicts the prevention of clinical thrombotic and thromboembolic episodes (49, 50) .
On the basis of the available evidence we conclude that the baboon model simulates arterial thrombotic processes in man and that this model appears to be particularly useful for the in vivo evaluation of biomaterial thrombogenesis and the antithrombotic effects of platelet-modifying pharmacologic agents. 
i.e., the tangent to the platelet disappearance curve at t = 0 intersects the time axis at x, the mean platelet survival time. The steady-state assumption can be verified by the constancy of multiple platelet counts, and Eq. 1 is generally con3Harker, L. A., R. Ross, R. T. Wall, and J. M. Harlan. Pharmacologic prevention of endothelial cell injury and homocysteine-induced arteriosclerosis. Submitted for publication. sidered valid for the interpretation of survival data obtained with 5'Cr-labeled platelets. In the present work it was assumed that platelet survival curves could be adequately described by an equation of the form: c(t) e-kt e-5.5k
c( -) 1 -e-5.5k X and hence from Eq. 1: 1 -e-5.5k
These equations have been termed a linear-exponential model of platelet disappearance by Paulus (25) . In this system it is assumed that in the absence of prosthetic cannulae (k = 0) survival curves would be strictly linear, all cells having a fixed life-span of 5.5 d. When prosthetic surfaces are present it is assumed that a fraction k of the circulating platelet population will be destroyed at random each day. As k becomes large, corresponding to the case in which relatively few platelets are removed via senescent mechanisms, survival curves approximate closely the exponential e-kt with T = -1/k. In all cases the rate of cannula-associated platelet consumption (platelets/day) can be calculated by multiplying k times the total number of platelets in the circulation.
To test the applicability of this approach survival curves from 15 
with the order parameter n not restricted to integer values. This method has been described in greater detail elsewhere (53) . Platelet survival times were determined using the method of Murphy (23) FIGURE 7 Order parameter of platelet survival curves. 5'Crplatelet disappearance curves vary from linear (zero order) in normal animals to exponential (first order) in animals with highly consumptive A-V cannulae.
Experimental Arterial Thromboembolismthe calculation of rates of cannula platelet consumption given independent determinations of mean platelet survival times.
